Raman mapping is performed to study the lateral damage in supported monolayer graphene carved by 30 keV focused Ga þ beams. The evolution of the lateral damage is tracked based on the profiles of the intensity ratio between the D (1341 cm
À1
) and G (1582 cm
) peaks (I D /I G ) of the Raman spectra. The I D /I G profile clearly reveals the transition from stage 2 disorder into stage 1 disorder in graphene along the direction away from the carved area. The critical lateral damage distance spans from <1 lm up to more than 30 lm in the experiment, depending on the parameters used for carving the graphene. The wide damage in the lateral direction is attributed to the deleterious tail of unfocused ions in the ion beam probe. The study raises the attention on potential sample damage during direct patterning of graphene nanostructures using the focused ion beam technique. Minimizing the total carving time is recommended to mitigate the lateral damage. As the first isolated two-dimensional crystalline material, 1 graphene offers unprecedented opportunities in multiple research fields, e.g., photocatalysis, photoelectrocatalysis, Liion batteries, and so on. [2] [3] [4] [5] [6] [7] Its exceptional mechanical, [8] [9] [10] [11] electronic, 1,12-14 thermal, 15, 16 and optical 17 properties promise the potential replacement of other materials in existing applications as well as completely emerging applications.
Potential applications of graphene in electronic devices and in sensors involve a sophisticated structure fabrication (patterning) in most cases. [18] [19] [20] [21] However, considerable challenges exist in the patterning of graphene due to its single layer characteristics and the sensitivity of its intrinsic properties to geometry, residue, and damage caused by patterning. 22 So far, several methods including electron beam lithography, [23] [24] [25] [26] [27] [28] atomic force microscopy, [29] [30] [31] [32] scanning tunneling microscopy, 33, 34 focused ion beam (FIB) milling, [35] [36] [37] [38] [39] [40] [41] [42] [43] and other techniques [44] [45] [46] [47] were applied to pattern graphene. Among them, the FIB technique was adopted to fabricate nanostructures in various materials including biomaterials. 38 FIB milling is a highly flexible technique which allows direct and localized surface modification. Therefore, continued efforts have been devoted to developing FIB patterning for fabricating nanostructure arrays of graphene, 37, 40, 41, 43, [48] [49] [50] which is essential for the application of graphene in devices.
Raman spectroscopy is a well-established, fast, effective, and non-destructive technique to investigate the effects of defects, edges, layers, and strain on the properties of graphene. [51] [52] [53] [54] [55] [56] [57] [58] The two most distinctive peaks in the Raman spectrum of pristine graphene are located at about 1580 (G) and 2680 (2D) cm
. 52 However, the features at about 1345 (D) and 1620 (D 0 ) cm À1 can be observed too if the symmetry in graphene is disturbed due to the presence of defects and/or edges. 42, [53] [54] [55] 57, 58 The D 0 peak usually appears when the pristine graphene is heavily destructed. The ratio between the intensities of the D and G peaks (I D /I G ) provides abundant information about the density of defects and the evolution of disorder. 42, 53 In the current study, focused Ga þ ions are used in a scanning electron microscopy (SEM)/FIB tool to modify graphene. Various beam currents and doses are chosen to bombard the graphene. Material modifications, especially the wide lateral damage in graphene in the surrounding of the irradiated target area, are characterized using Raman spectroscopy. Such wide lateral damage observed in the study has not been well realized before and should address a concern of the lateral implantation of ions on the patterned graphene micro-and nano-structures when directly using the FIB technique. The study also provides a different insight to understand the origin of the lateral damage, which was misunderstood or not well explained.
Monolayer graphene samples were produced in a chemical vapor deposition (CVD) furnace using copper as the a)
Author to whom correspondence should be addressed. catalyst and the substrate, and then were transferred to a Si/ SiO 2 wafer using polymethyl methacrylate (PMMA) method. 59, 60 Ion bombardment was performed in a SEM/FIB tool (Carl Zeiss NVision 40). The ion bombardment was performed "blindly" to avoid any unnecessary damage on graphene from the rough ion imaging. A confocal Raman microscope (NT-MDT) was used to evaluate the effect of the ions on the graphene. The Raman spectrum was excited by a 532 nm (2.33 eV) laser, and the spot size of the laser beam was about 0.5 lm. Molecular dynamics (MD) simulations were used to simulate the ion beam irradiation induced damage on the graphene supported by the SiO 2 substrate. Details of the MD simulation are provided in the supplementary material. 0 peak usually appears when the pristine graphene is heavily destructed, it indicates that the graphene very close (about 1.5 lm) to the carved rectangle was heavily destructed and may contain a very high degree of defects, disorder, or even amorphous fraction. However, a slight damage of graphene is extended to a few more lm away from the rectangle (Figs. 1(b) and 1(d)).
In order to track the evolution of the lateral damage in the carved graphene, eight representative Raman spectra ( Fig. 1(e) ) were extracted from the original Raman mapping data at several positions, which are labeled by numbers from 1 to 8 in Fig. 1(d) . The corresponding Raman features from the spectra are summarized in Table I . Spectrum 1 without any characteristic peaks of the graphene confirms that the graphene was completely etched away by the Ga þ ions in the target rectangle. In the region next to the carved rectangle, spectrum 2 shows no characteristic 2D peak, but a clear D peak and a broad G peak with a ratio I D /I G $ 2.66. It indicates that the graphene was seriously amorphized in this region. 53 Spectrum 3 shows a typical Raman spectrum in the yellow/red colored region (see Fig. 1(d) ). All four peaks, i.e., D, G, D 0 , and 2D are present in the spectrum, and the ratio of I D /I G is $3.99, which is a good indication of the highly disordered graphene. From the spectra of the position 4, 5, 6, and 7, it is found that both the intensities of the D peak and the D 0 peak monotonically decrease as a function of distance from the carved rectangle. The ratios of I D /I G for spectra 4, 5, 6, and 7 are 2.61, 1.75, 0.97, and 0.56, respectively. The D 0 peak is negligible in spectrum 7; however, the corresponding D peak is still significant even the position for spectrum 7 is 6.2 lm away from the carved boundary. For position 8, which is more than 15 lm away from the carved boundary, a very slight D peak appears. This feature could easily be observed in the transferred CVD graphene grown on Cu. The FWHM of the G peak is about 32 cm
, the ratio of intensities between the 2D and G peak is 2.3 6 0.1. All features are similar to the ones in the Raman spectrum of the pristine monolayer graphene, which implies no detectable damage of graphene caused by the ions. Fig. 1(f) shows the average damage (I D /I G ) profiles as a function of distance away from the carved area, both profiles show a very good consistency. There are two stages of disorder in graphene (described by a local activation model), which were experimentally observed and reported in Refs. Fig. 1(d) . (f) The mean damage (I D /I G ) plots as a function of distance from the carved area (indicated by two white dashed arrows in Fig. 1(d) ). TABLE I. Raman features summarized from the spectra in Fig. 1(e to the loss of hexagonal rings. The I D /I G data shown in Fig.  1 (f) demonstrate a similar non-monotonic tendency: in the regions far from the carved rectangle, it follows the characteristics of stage 1 disorder, i.e., the I D /I G increases with the decrease of the distance due to the increase of the defect density; in the regions close to the carved rectangle, it shows the characteristics of stage 2 disorder, i.e., the I D /I G decreases with the decrease of the distance due to the loss of hexagonal rings. The profiles clearly reveal that the lateral damage (stage 1 disorder) in graphene extends to about 8.5 lm from the carved structure until reaching the pristine region. Fig. 2 ). Rectangle 4 was carved by an ion beam with 10 times of the dose used for rectangle 2, while with 1/10 of the irradiation time used for rectangle 3. Since the Ga þ ion beam size is proportional to the beam current, 38 for the 10 pA beam current used for rectangle 4, it is supposed to generate a larger ion spot than for the 1 pA beam current used for rectangles 2 and 3. Surprisingly, rectangle 4 shows much less lateral damage than rectangle 3 (8.40 6 0.30 lm for rectangle 3 and 3.45 6 0.30 lm for rectangle 4). Since it only shows a slight increase of the lateral damage compared to rectangle 2 (2.69 6 0.26 lm for rectangle 2 and 3.45 6 0.30 lm for rectangle 4), the bombardment time obviously plays a more important role than the ion current for the lateral damage in graphene, for relatively low ion beam current. However, 80 pA beam current is not suitable for carving micro-and nano-structures in graphene because the observed lateral damage extended to more than 30 lm away from the carved structure, even for very short irradiation time (10 s).
Both the Monte Carlo simulation of the trajectories and collision cascades of 30 keV Ga þ ions impinging into Si and the direct calculation of 30 keV Ga þ ion beam propagation into graphene on a Si/SiO 2 substrate showed that the interaction distance in the lateral direction is in the range of 100 nm only. 37, 38 A MD simulation was also conducted to simulate the irradiation damage in graphene supported on the SiO 2 substrate, as shown in Fig. 3 . The damage of graphene is very localized by either a focused Ga þ ion beam or by a beam with slightly diffused ions. That means, theoretically, the focused Ga þ ion beam should not generate such a wide lateral damage in graphene. However, the ion probe profile in commercial FIB tools follows approximately a Gaussian shape. 63 Therefore, the deleterious tail consisting of unfocused ions in the probe has to be considered. Although it is not feasible to simulate a Gaussian shape ion beam in the molecular dynamics simulation, as shown in Figs. 3(c) and 3(d), the beam with slightly diffused Ga þ ions creates a slightly higher degree of damage in the graphene compared to the tightly focused beam. It supports the experimental result that the damage is expanded to a large area if the ion beam has an unfocused deleterious tail. The supplementary material 61 also provides an indirect support. Although the graphene outside the irradiated area could be preserved due to the low dose of ions in the deleterious tail of the ion beam probe, the preserved material may not be called as graphene because of the heavily damaged characteristic observed by Raman spectroscopy and transmission electron microscopy. 61 For 1 pA beam current, the FIB-induced lateral damage extends to up to $18.5 lm shown in Figs. 2(b) and 2(e), which proves that the tail of unfocused ions in the probe extends to an unexpected far distance in the lateral direction. The damaged region in graphene is dramatically reduced due to the reduction of time for the ion bombardment in Figs. 2(a) and 2(d), and for distances of about $5 lm and more from the carved structure only a slight defective characteristics is observed. It is inferred that the ion beam current density is extremely low at the end of the tail even though the tail of unfocused ions in the probe covers a large area, a detectable lateral damage in graphene by Raman microscopy only appears after a relatively long time of bombardment. Thus, minimizing the total milling time during the direct patterning is highly recommended to reduce the deleterious lateral damage in graphene. Another interesting phenomenon is that the percentage of the dose for unfocused ions (unwanted tail) in the primary ion beam varies with the ion current, as shown in Figs. 2(b) and 2(c) . The percentage of the dose for unfocused ions at 10 pA beam current is much lower than that at 1 pA beam current, since the graphene carved by the 10 pA ion beam shows much less lateral damage when using the same dose from the primary ion beam (rectangles 3 and 4 in Table II ). The lateral spreading of the ion beam damage found here is consistent with the results reported in the Refs. 64 and 65. It is not surprising that a wider affected region of graphene is observed, due to its characteristics of single atomic layer and the high sensitivity to detect the defects in graphene by Raman spectroscopy.
In summary, the lateral damage in graphene carved by a 30 keV Ga þ beam was studied using Raman spectroscopy. Severe and reproducible lateral damage in graphene outside the carved area was observed. The mean damage (I D /I G ) profiles reveal the clear transition from stage 2 disorder into stage 1 disorder in graphene along the direction away from the carved area. The critical lateral damage distance is 8.40 6 0.30 lm when using a 1 pA/300 s (7.18 Â 10 15 ions/ cm 2 ) beam, and extends to more than 30 lm using extreme parameters. This value is reduced to 0.63 6 0.25 lm with a short carving time (5 s) at 1 pA beam current. This laterally extended damage is caused by the deleterious tail of the Ga þ ion beam, consisting of unfocused ions. The lateral damage has to be considered in direct patterning of graphene nanostructures using the FIB technique. Minimizing the total carving time will be the recommended approach to minimize the lateral damage. 
